Objective: Although deep brain stimulation (DBS) and motor cortex stimulation (MCS) are effective in patients with refractory neuropathic pain, their application is still empirical; there is no consensus on which technique is better. Methods: To enhance the success rate of trial stimulation of invasive neuromodulation techniques and identify approapriate stimulation targets in individual patients, we performed a simultaneous trial of thalamic ventralis caudalis (Vc) DBS and MCS in 11 patients with chronic neuropathic pain and assessed the results of the trial stimulation and long-term analgesia. Results: Of the 11 patients implanted with both DBS and MCS electrodes, nine (81.8%) had successful trials. Seven of these nine patients (77.8%) responded to MCS, and two (18.2%) responded to Vc DBS. With long-term follow-up (56 ± 27.5 months), the mean numerical rating scale decreased significantly (P < 0.05). The degree of percentage pain relief in the chronic MCS (n = 7) and chronic DBS (n = 2) groups were 34.1% ± 18.2% and 37.5%, respectively, and there was no significant difference (P = 0.807). Five out of the seven MCS patients (71%) and both DBS patients had long-term success with the treatments, defined as >30% pain relief compared with baseline. Conclusions: With simultaneous trial of DBS and MCS, we could enhance the success rate of invasive trials. Considering the initial success rate and the less invasive nature of epidural MCS over DBS, we suggest that MCS may be a better, initial means of treatment in chronic intractable neuropathic pain. Further investigations including other subcortical target-associated medial pain pathways are warranted.
Introduction
Deep brain stimulation (DBS) of the somatosensory thalamus and periventricular/periaqueductal gray matter (PVG/PAG) has been used to treat chronic intractable pain syndromes when all other modalities have failed [1] [2] [3] [4] [5] [6] . Although the exact mechanism underlying the analgesic effect of thalamic DBS is uncertain [7] [8] [9] , it probably involves activation of the thalamocortical pathways and changes in cortical activity [7] [8] [9] . Despite encouraging reports on the efficacy of MCS for various types of neuropathic pain, its exact analgesic mechanism also remains controversial [10, 11] . However, a number of studies using positron emission tomography have indicated that the thalamus is a key structure involved in mediating the functional effects of MCS [10] [11] [12] [13] . Therefore, it appears that MCS and thalamic DBS share a common pathophysiologic analgesic mechanism, i.e., the modulation of thalamic activity [14] . However, the application of MCS and DBS is empirical, and there is no consensus on when MCS or DBS should be used or which one is better [14] .
We have performed DBS 32 times and MCS 23 times in selected patients with intractable neuropathic pain since 2000. Among the patients treated for refractory neuropathic pain over the last 16 years, 11 underwent a simultaneous trial of DBS and MCS in an effort to increase the success rate of the initial invasive intervention, and possibly enhance the long-term outcomes by selecting more effective stimulation targets in an individual patient. The results of the simultaneous trial of DBS/MCS in nine initial consecutively recruited patients were reported in 2014 [14] . Of the nine patients who were initially implanted with both thalamic ventralis caudalis (Vc) and MCS electrodes, eight (89%) had successful trials, of which six (75%) responded to MCS, and the remaining two responded to Vc DBS. During the long-term follow-up (40 months), the six MCS and two Vc DBS responders reported approximately 37%-38% pain relief in the last follow-up period. Based on these results, we suggested that MCS would be a more reasonable initial approach considering the success rate and the less invasive nature of epidural MCS compared with DBS [14] . A thoughtful criticism against the simultaneous trial of DBS/MCS was raised because of the risks associated with DBS and the lack of a double-blind stimulation [15] .
After the first report of the initial combined trial of DBS/MCS [14] , we included two more patients in the simultaneous trial. Here, we summarize the longterm results of a simultaneous trial of DBS/MCS for refractory neuropathic pain and summarize the current pathophysiologic mechanisms of invasive neuromodulation. We also raise our concerns about the problem of outcome assessment, defined as >50% long-term pain relief.
Patients and methods

Demographics and inclusion criteria
Of the 32 patients who underwent thalamic DBS and 23 patients who underwent MCS for the treatment of various kinds of chronic neuropathic pain in the last 16 years (2000-2016), a simultaneous trial of DBS and MCS was performed in 11 patients. Patients who were referred for surgery had been refractory to previous maximal medical and physical therapies, i.e., their pain did not respond to maximal medical treatments, including anticonvulsants, antidepressants, and opioids. A trial of spinal cord stimulation was not effective in three of these cases. A simultaneous trial of MCS and DBS was considered for patients with a minimum visual analogue score of 7/10 and those with definite neuropathic pain, both central and peripheral, with prolonged duration (>1 year). Among the patients with refractory neuropathic pain who were candidates for treatment with DBS or MCS, a simultaneous trial of MCS and DBS was proposed for patients who fully understood the additional risks of exploring the multiple intracranial targets associated with the combined use of DBS/MCS to enhance the chances of a successful trial stimulation, and it was performed for those who provided informed consent. Patients were excluded if they had significant psychological or psychosocial overlay and/or secondary gains.
The demographics of the patients included in this trial are summarized in Tables 1, 2 and 3. The mean age of the patients was 52.6 years (range: 25-75; men: women: 8:3), and the mean duration of follow-up was 52.6 ± 14.7 months (range: 24-94 months). The type of pain experienced by the patients included central post-stroke pain (n = 4), spinal cord injury (n = 5), below-level neuropathic pain from C4 cord injury, thoracolumbar shell injury, transitional zone pain, iatrogenic spinal cord transection, central pain of the cervical syrinx, amputation stump pain in the arm, and complex regional pain syndrome type-I (CRPS-1) with whole body extension.
Localization of anatomical targets and electrode implantation
The procedures for the simultaneous implantation of electrodes for DBS and MCS are described in detail in our previous reports regarding the surgical treatment of refractory neuropathic pain [16] [17] [18] [19] [20] . After we took stereotactic magnetic resonance images (MRI-Achieva 1.5T, Phillips, Eindhoven, the Netherlands), we transferred the obtained imaging data to the surgical navigation system, which was used to define the target coordinates of the Vc and the precentral hand knob (Figure 1a) . The locations of the central sulcus and the hand knob were also marked on the scalp. The electrodes were implanted into the Vc nucleus of the thalamus and internal capsule contralateral to the side of the most severe pain under local anesthesia, and then electrodes were implanted over the precentral gyrus for MCS under general anesthesia. The tentative anatomical target for the Vc was 2-3 mm anterior to the posterior commissure (PC; y coordinates), with the z coordinates at the level of the anterior commissure (AC)-PC plane. The x coordinates were 14-15 mm for upper extremity pain and 16-17 mm for lower extremity pain. After a burr hole and dural opening were made, microelectrode recording and stimulation were used to map the Vc targets (Figure 1b) . The activity of the individual firing units and their receptive fields (RF), defined as the body sites where tactile stimulation or movement evoked changes in the electrical firing patterns, was recorded along the planned trajectories (mostly three or four trajectories in one session) (Figure 1c) . Based on the RF mapping, a DBS electrode (Medtronic model 3387, Medtronic Inc., Minneapolis, MN) was implanted in the target. Macrostimulation was conducted through the DBS leads to verify stimulation-induced paresthesia coverage of the painful area and any adverse effects of the macrostimulation. After the absence of an adverse neurologic deficit was confirmed with DBS, general intravenous anesthesia was administered. An inverted U-shaped scalp incision was made just behind the frontal incision for the DBS, and an approximately 5-cm sized craniotomy was performed along the course of the precentral gyrus and the central sulcus (CS) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Figure 1d) . The CS was localized with the aid of phase-reversal of the somatosensory evoked potential and evoked EMG response of the muscle (Figure 1e ). After the location and course of the CS were confirmed, a paddle electrode (Lamitrode 44 ® , St. Jude Medical, Plano, Texas, or Resume ® TL, model 3986A, Medtronic Inc., Minneapolis, MN) was placed in the epidural space (Figure 1f) . Further, the distal ends of the paddle and DBS electrodes were connected to a percutaneous extension cable through the subcutaneous tunnel (Figure 2 ).
Trial test stimulation and outcome measure
An unblined trial was conducted for approximately 14 days after the DBS and MCS electrodes were inserted to assess efficacy. For the Vc and internal capsule DBS, stimulation was performed at 30-130 Hz, 90-120 μs, and voltage intensities of up to 7-8 V, and the four electrode contacts of each DBS lead were systematically explored. In the MCS, various combinations of bipolar stimulation centered at the M1 were performed at 10-180 Hz, 90-500 μs, and voltage intensities of up to 7-10 V. If the insertion effect of the Vc DBS [21] was prominent and it was difficult to assess the effect of the post-operative trial stimulation, we waited a number of days until the patient's preoperative pain recurred. Upon pain recurrence, these patients were re-admitted, and new percutaneous extensions were connected to the electrodes under local anesthesia; a stimulation trial was then conducted.
A postoperative stimulation trial was considered to be successful if a reduction of more than 50% in the visual analogue scale (VAS) was achieved with the stimulation. If the stimulation was successful, the electrodes were connected to a pulse generator (IPG, Soletra ® , model 7426, Medtronic Inc., MN, or Eon-mini ® , St. Jude Medical, Plano, TX) using a transaxillary, subpectoral approach [22] . Patients who did not have a successful stimulation trial had the DBS and MCS electrodes and the percutaneous extensions removed. Primary outcome variables were examined as follows: (1) whether or not patients were using DBS and/or MCS; (2) the patients' ratings of their worst pain as recorded on the numeric rating scale (NRS, 0-10) [23] in the last follow-up; (3) the percentage of pain relief on the NRS. The baseline NRS was obtained before surgery and postoperatively every two to three months after the procedure. We did not control modifications in the drug regimens over time.
The descriptive statistics are reported as frequencies and percentages. Paired t-test and chi-square analyses were performed to assess the relationships between surgery and outcomes. All statistical analyses were performed with SPSS software, version 12.0 (SPSS Inc., Chicago, IL). The values were considered statistically significant at P < 0.05.
Results
Initial pain relief with simultaneous DBS/MCS trials
The demographic characteristics and long-term outcomes of the simultaneous trial of DBS/MCS in our series are summarized in Table 1 . Of the 11 patients initially implanted with both DBS and MCS electrodes, nine (81.8%) had successful trials. Two of the 11 patients did not obtain >50% pain relief and had the electrodes removed. Seven of the 11 patients (63.6%) responded to MCS, attaining more than 50% pain relief and two of the 11 (18.2%) responded to Vc DBS. We could not find any synergistic effect of analgesia from combined Vc DBS and MCS stimulation during the two week trial period. A prolonged insertion effect (two weeks), according to implantation of the Vc thalamic DBS [23] was observed in patient #8. A severe squeezing and deep pressure-like intermittent pain was almost completely relieved after the insertion of the electrode in the Vc and progressively reappeared after two weeks; she had a later trial of simultaneous DBS/MCS after re-admission, and Vc DBS was chosen for chronic stimulation.
Long-term outcomes and complications
With a mean follow-up duration of 56 ± 27.5 months (mean ± standard deviation, n = 9, range: 24-96 months), the mean NRS decreased from 8.1 ± 0.54 to 5.3 ± 1.6 (P < 0.05, paired-t test). The percentage pain relief (PPR) values in the chronic MCS (n = 7) and chronic DBS (n = 2) groups were 34.1% ± 18.2% (mean ± standard deviation, range: 11.1%-50%) and 37.5%, respectively. There was no difference in the degree of pain relief between the MCS and DBS groups (chi-square test, P = 0.807). With more than four years of long-term follow-up, five of the seven patients treated with MCS (71%) and both patients treated with DBS were assessed, with long-term success defined as >30% pain relief compared to baseline.
There was no mortality or neurologic morbidity related to the simultaneous DBS and MCS procedures. A superficial wound infection necessitated wound revision with antibiotic chemotherapy in patient #9 with chronic MCS. Patient #11 experienced postoperative pneumonia and respiratory distress syndrome after operation under general anesthesia because his respiratory condition was compromised owing to his preexisting high cervical (C4) spinal cord injury.
Discussion
Exploration of multiple subcortical targets for DBS in pain
Although DBS is associated with an inherent risk of penetration of the brain parenchyme, DBS has a unique advantage for exploring multiple potential subcortical targets related to the pathophysiology of neuropathic pain. Indeed, DBS-lead implantation in more than two targets during a single session has already been reported in studies on DBS for refractory neuropathic pain. Among the traditional subcortical targets for neuropathic pain, various combinations of periaqueductal gray mater (PAG) with the Vc, the PVG with the PAG, and the PAG with the internal capsule (IC) have been the most commonly reported [1] [2] [3] [4] [5] [6] . Thus, the concept of exploring multiple subcortical targets for pain relief is not new.
Traditional pathophysiological concepts in PVG/PAG DBS for pain
The traditional consensus about selecting subcortical targets for pain relief is to recommend stimulating the PVG/PAG for intractable nociceptive pain, whereas the sensory thalamus (Vc) or the IC have been advocated as the preferred targets for neuropathic pain [6] . The reason for selecting the PVG/PAG for nociceptive pain was partly based on laboratory and clinical results that indicated that pain relief from PVG/PAG stimulation depended on the release of endogenous opioids [24, 25] . Some studies have reported that the analgesic effect induced by stimulating the central gray matter is reversed by the administration of naloxone [24] [25] [26] . In addition to the activation of the descending opioid system, increased medial dorsal nucleus activation in the thalamus, the ascending pathway from the PVG, and an area associated with the limbic system with extensive connections with the amygdala and cingulate cortex were observed during stimulation of the PVG [6, 27] . However, subsequent studies showed the idea that PAG DBS acts by augmenting endogenous opioid release is contentious [28] . It was shown that the opioid metabolite values in the cerebrospinal fluid may be artifacts [29, 30] . No cross-tolerance between DBS and morphine, or similar reversibility between naloxone and a saline placebo, has been shown [25, 28] .
Analgesic mechanism of thalamic Vc DBS for pain
The analgesic effect induced by stimulating the sensory thalamus is still not understood. Mazars [27] originally stimulated the ventroposterior thalamus in patients experiencing deafferentation pain, based on the theory [31] that this pain is caused by a lack of proprioceptive stimuli reaching the thalamus. Stimulating the primary somatosensory pathway at this thalamic site was an effort to compensate for the lack of normal sensory input [27] . The gate control theory [32] further championed the idea that stimulating low-threshold somatosensory pathways inhibits pain; thus, direct stimulation of this pathway at the thalamic level would be expected to reduce neuropathic pain, which is characterized by loss of such input after damage occurs to the peripheral or central nervous system [7] . Stimulating the ventral posterior lateral (VPL) thalamus in anesthetized animals inhibited the activity of both spinothalamic nociceptive neurons in a monkey [33] and thalamic parafascicular nociceptive neurons in a rat [34] . A positron emission tomography (PET) study showed that sensory thalamic stimulation activated a thalamocortical pain modulation circuit that also involved thermal pathways such as the insular cortex [7] . Thus, stimulating the thalamic sensory nucleus may be mediated by activation of the inhibitory thalamocorticalcorticofugal pathway, which prevents the pathological spread of painful stimuli.
Mechanism of action of motor cortex stimulation
Despite encouraging reports on the efficacy of MCS in various types of neuropathic pain, its exact analgesic mechanism remains controversial [10, 11] . However, authors of a number of studies have indicated that the thalamus is a key structure involved in mediating the functional effects of MCS [10] [11] [12] [13] . Studies on groups of patients with intractable pain of various origins have confirmed the existence of significant cerebral blood flow (CBF) increases during MCS in the lateral and medial thalamus, the anterior cingulate-orbitofrontal cortex (BA32), the anterior insula-medial temporal lobe, and the upper brain stem near the PAG [10] . The thalamic areas that showed the most significant CBF changes were the ventrolateral and ventroanterior nuclei, i.e., the thalamic region directly connected with the motor and premotor cortices. Another regional CBF study [11] that used 18 F-fluorodeoxyglucose PET in nine patients with post-stroke pain treated with MCS showed that successful MCS significantly improved glucose use in the thalamus ipsilateral to the MCS, suggesting that MCS activated the corticothalamic connection from the motor cortex. These results provide evidence that descending axons, rather than apical dendrites, are primarily activated by MCS, and they highlight the thalamus as the key structure involved in mediating the functional effects of MCS [10] [11] [12] [13] 35] . Meanwhile, the findings from other PET studies [36] [37] [38] suggested that MCS could enhance the release of endogenous opioids in various brain structures; this effect correlated with pain relief when the release was observed in the cingulate cortex and PAG [36] . Furthermore, MCS could activate descending pathways, leading to reinforced or restored inhibitory control of nociceptive transmission in the dorsal horns of the spinal cord [35] . Concurrent with these findings, Nguyen et al. [39] suggested that the mechanisms of action of MCS could also involve inhibitory intracortical and interneuronal circuits in the precentral M1 cortex, acting by reinforcing intracortical gamma-aminobytyric acid (GABA)-ergic inhibition. According to many studies regarding the analgesic mechanisms of DBS and MCS, sensory thalamic DBS and MCS appear to share a common analgesic mechanism, i.e., modulation of thalamic activity [39] .
Rationale for a combined trial of DBS/MCS for pain
The use of MCS and thalamic DBS is still considered empirical and off-label because reliable outcomes across etiologies are lacking [40, 41] . Furthermore, the indications of DBS and MCS are generally overlapping.
Owing to the invasive nature of the intervention and the inherent risks of deep-brain penetration associated with DBS, DBS has been the last resort for patients whose pain has not responded to maximal medical and physical treatment for years and also for even less invasive spinal cord stimulation [40] [41] [42] . The unfavorable outcomes associated with traditional DBS in chronic pain, especially central pain syndromes [43] , marked the advent in the early 1990s of a novel, and less invasive, alternative, i.e., epidural motor cortex stimulation [43] [44] [45] .
In a subsequent studies, the efficacy of MCS was witnessed among patients with trigeminal neuropathic pain [46] , and MCS has also been reported to be effective in peripheral neuropathic pain [16, [47] [48] [49] [50] [51] [52] . Since MCS has, to a large extent, replaced DBS as a last resort for invasive pain treatment, the indications for DBS and MCS in the literature are nearly the same. For example, complex regional pain syndrome type II was shown to respond very well to MCS by Rasche et al. [53] . The analgesic effect of MCS in CRPS type II with hemibody extension was first reported by Son et al. [16] , and the effectiveness of MCS in CRPS was further replicated by others [54, 55] . Similarly, the indications are overlapping between MCS and DBS, and there is no consensus on when MCS or DBS should be applied or which technique is better. We performed a simultaneous trial of thalamic DBS and MCS and investigated which one was more successful in treating chronic intractable neuropathic pain.
In our simultaneous trial, we chose the Vc thalamic nucleus rather than the PVG/PAG. The reason for selecting the Vc thalamus was that the Vc had been regarded as the preferred target for neuropathic pain [3, 4] , and the patients included in our study showed typically severe, chronic, and neuropathic pain. Another reason was that we did not observe any significant analgesic effect from PVG electrodes simultaneously implanted in the thalamic Vc in six other patients in our early experience with DBS for various types of neuropathic pain. When we began DBS for chronic neuropathic pain in 2000, we thought that both the PVG and PAG would have the same mechanism of endogenous opioid-induced analgesia and we were reluctant to place the electrode deeper into the PAG owing to our limited experience. Although favorable responses to PVG DBS had been reported in some studies [6, 56, 57] , we could not reproduce any positive responses from stimulating the PVG.
No synergistic or additive analgesic effects were observed during the two week trial of stimulating the thalamic Vc and the primary motor cortex. Indeed, some of the patients receiving sensory thalamic stimulation perceived the induced paresthesia of the sensory thalamic stimulation as an unpleasant, dysesthetic sensation. Although the mechanism of action of MCS is known to be closely linked to thalamic modulation [10] [11] [12] [13] 35] , we did not observe any additive analgesic effect using a combined stimulation. Further neurophysiologic studies addressing a possible link between the subcortical and cortical targets of pain modulation are warranted.
Outcome assessment: >50% and >30% reduction in pain scores
We currently define long-term DBS/MCS treatment as successful when the patient achieves a significant mean reduction in the NRS score of at least 30% compared with the baseline [58, 59] . The reason for considering a 30% mean reduction as a successful outcome is the lack of consistency across studies regarding the method used to evaluate outcomes, as highlighted by Fontaine et al. [58] and others [8, [60] [61] [62] [63] . For example, a 40% reduction in pain has been considered a good outcome by some authors, whereas others have required an improvement of >50% [21, 58] . In addition, we feel that there is also a problem in assessing outcomes using four-tier grading (poor, fair, good, and excellent). It was suggested that this kind of variability in the outcome measures used in clinical trials hinders the evaluation of the efficacy and effectiveness of treatments, and the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials (IMMPACT) guidelines [61] . In these guidelines [61] , a 30% reduction in pain is considered a moderately important change and is equal to "much improved" as measured by the Patient Global Impression of Change (PGIC) [61, 62, 64] . It is now commonly used in the subjective evaluation of clinical trials for different kinds of pain treatment [62] . The problem associated with a mere description of "more than 40% to 50% pain relief" in evaluating the efficacy of a specific treatment has already been reported [62] [63] [64] [65] . For example, Sears et al. [63] documented that 29.4% of the patients with failed back surgery syndrome reported a 50% or greater reduction in pain after spinal cord stimulation (SCS) with paddle leads at a mean follow-up time-point of 3.8 years. However, 70.6% of the same group of patients reported that they were satisfied with the surgery to the point of undergoing it again for the same outcome. This discrepancy between VAS and NRS outcomes and overall satisfaction has been reported in SCS studies as well as in a study of MCS for chronic pain by Nuti et al. [65] .
Indeed, a >30% improvement on the VAS in the long-term follow-up (>42 months) was observed in a recent, large-scale study of DBS for neuropathic pain by Boccard et al. [66] . Among 85 patients treated with DBS for various types of chronic neuropathic pain [66] , 74 (87%) responded to an initial stimulation. Among these 74 patients assessed as initial DBS responders, a two-year long-term follow-up was possible for 22 patients (30%), and 15 patients (18.7%) were followedup for more than four years. Interestingly, the degree of pain relief in the long-term follow-up (four years) assessed with the VAS in those regarded as chronic DBS responders was 36% (±39.2, standard deviation) [66] . Concurrent with this, we observed similar degrees of pain relief in 16 patients treated with chronic MCS in the long-term (53 ± 39 months) follow-up study, and defined a successful outcome as >30% pain relief compared with baseline (P < 0.05, χ 2 test) [18] . The PPR values in patients with central post-stroke pain and peripheral neuropathic pain were 40.7% ± 8.85% and 34.6% ± 7.08%, respectively, with >4 years of chronic treatment with MCS [18] . Meanwhile, numerous reports have described >80% pain relief (so-called excellent on a four-tier scale) at the one-year follow-up following treatment with invasive neuromodulation using MCS and DBS. Considering our experiences of using DBS and MCS for chronic refractory neuropathic pain, in our opinion, it is difficult to imagine that such a high analgesic effect would last for more than three or four years.
Achieving >30% pain relief with significantly longterm (>4 years) effects in chronic neuropathic pain appears difficult even with SCS, a widely applied neuromodulation technique. There is good consensus that SCS is effective for complex regional pain syndrome, type I (CRPS-1) [67] [68] [69] . However, it was shown that only 41% of the patients treated with SCS for CPRS-1 experienced at least >30% pain relief with a median follow-up time-point of 5.2 years, and 63% of 84 patients with chronically implanted SCS who had positive outcomes underwent SCS explantation over the 12 years of follow-up [62] . Considering that a population-based cohort study of 102 patients with CRPS indicated that 31% had remained incapable of working two years after the diagnosis [70] , the long-term efficacy and the continued use of SCS were regarded as being of major clinical importance [62] . Assuming that the candidates for DBS or MCS are the patients with similarly intractable, chronic neuropathic pain syndromes such as central post-stroke pain or spinal cord injury, >30% pain relief with invasive brain modulation techniques during a long-term follow-up of more than 3 years should be regarded significant.
Conclusions
We achieved a high success rate (81.8%) in a simultaneous trial of DBS and MCS for refractory, chronic, and neuropathic pain. With our selection of possibly more effective chronic stimulation targets between the thalamus and motor cortex from this trial, five out of seven patients undergoing MCS chronically and both patients undergoing DBS chronically had a successful outcome, attaining >30% pain relief.
